The impacts of the light sterile neutrino hypothesis in particle physics and cosmology are reviewed. The observed short baseline neutrino anomalies challenging the standard explanation of neutrino oscillations within the framework of three active neutrinos are addressed. It is shown that they can be interpreted as the experimental hints pointing towards the existence of sterile neutrino at the eV scale. While the electron neutrino appearance and disappearance data are in favor of such a sterile neutrino, the muon disappearance data disfavor it, which gives rise to a strong appearance-disappearacne tension. After a brief review on the cosmological effects of light sterile neutrinos, proposed signatures of light sterile neutrinos in the existing cosmological data are discussed. The keV-scale sterile neutrinos as possible dark matter candidates are also discussed by reviewing different mechanisms of how they can be produced in the early Universe and how their properties can be constrained by several cosmological observations. We give an overview of the possibility that keV-scale sterile neutrino can be a good DM candidate and play a key role in achieving low scale leptogenesis simultaneously by introducing a model where an extra light sterile neutrino is added on top of type I seesaw model.
Introduction
The standard model (SM) of elementary particles is the unified theory of three fundamental interactions, the electromagnetic, weak and strong interactions in the universe as well as classifying all known elementary particles. Developed in the early 1970s, it has successfully explained almost experimental results and precisely predicted a wide variety of phenomena, which make it a well-tested physics theory. Yet, it has been increasingly clear that apart from being theoretically unsatisfactory the SM fails to explain a number of the oberved phenomena in particle physics, astrophysics and cosmology.
Neutrinos, the most mysterious and fascinating of all elementary particles, continue to puzzle physicists. It is common belief that they have a very important role in both of the microscopic view of particle physics and the macroscopic view of evolution of the universe. The remarkable development over the past two decades has been the discovery of the flavor oscillations in neutrinos, [1] [2] [3] [4] [5] which has established that neutrinos are massive and mix.
The existence of three active neutrinos has been confirmed by the precision measurement of the partial decay width Γ(Z 0 → νν) leading us to determine the number of light neutrino species, N ν = Γinv Γ(Z 0 →νν) = 2.9840 ± 0.0082 6 with Γ inv being the invisible decay width of Z 0 . The result of N ν gives the number of light particles that have the standard properties of neutrinos with respect to the weak interactions. In the framework of three active neutrinos, neutrino oscillation can be described by 6 independent parameters, 7, 8 in which 5 of them, three mixing angles and two mass squared differences, have been measured by the experiments aimed to detect the solar, atmospheric, reactor and accelerator neutrinos [1] [2] [3] [4] [5] . The remaining parameter in the mixing matrix, CP violating phase, becomes the main target of next generation of neutrino experiments. 9 Although neutrinos have turned out to be massive particle, their individual masses have not been measured at all. The hierarchy of their masses is also one of big mysteries, as the ordering of their values has profound implication in particle physics and cosmology.
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On the other hand, there are other issues that keep neutrino physicists puzzled, which are known to be neutrino anomalies that are unexpected results in several experimental studies as will be discussed in detail later. They challenge the standard explanation of neutrino oscillations which have been used to determine three mixing angles and two mass squared differences in the framework of three active neutrinos. There have been a large number of theoretical attempts to interpret these as signs of new physics beyond the standard paradigm. The most intriguing explanation of the observed anomalies involves a forth type of massive neutrino separated from the three others by a new mass squared difference larger than 0.1 eV 2 .
12 It is called sterile neutrino hypothetical particle 13 that interacts in the cosmological context only via gravitation and through mixing the other neutrinos avoiding any of the fundamental interactions of the SM.
The study of sterile neutrinos presents an interesting avenue into new physics beyond the SM. 12, [14] [15] [16] [17] [18] [19] [20] [21] [22] Apart from the experimental motivation mentioned above, there are a few good reasons to postulate the existence of sterile neutrinos: to explain the origin of tiny neutrino masses, 23 dark matter candidate 22, 30 and role in baryogenesis. 31 Sterile neutrinos usually refer to neutrinos with right-handed chirality, which may be added to the SM to endow neutrinos with mass in a simple way. 23 The masses of the right-handed neutrinos are unknown and could have any value between 10 15 GeV and sub eV. But, sterile neutrinos can have masses around the electroweak scale and their Yukawa couplings with the active neutrinos and the Higgs boson are unsuppressed when they are subject to a protective symmetry. 24, 25 In such a case, sterile neutrinos can affect some phenomena occurred from high energy collisions and thus would be testable at high energy colliders. 24, [26] [27] [28] [29] Cosmology has an important role to play here, since the constraints obtained from cosmological observations are quite complementary to those coming from particle experiments. 19, 20, 22 The existence of sterile neutrinos may affect the evolution of the Universe. They may serve as a good dark matter (DM) candidate and play an important role in making the Universe matter-dominant. 19, 20, 22 The aim of this review is to show how the possibe existence of light sterile neutrinos may affect phenomena in particle physics and cosmology. For the light sterile neutrinos, we consider two intriguing cases depending on the magnitude of their mass, eV and keV scales. The study of eV scale sterile neutrino has been popular due to some anomalies explained in terms of neutrino oscillations including sterile neutrino. We review on how those neutrino anomalies can be explained in terms of neutrino oscillations in the framework of the so-called 3 + 1 model, and how the existence of light sterile neutrino can affect cosmology such as Big Bang Nucleosynthesis (BBN), Cosmic Microwave Background (CMB) and Large Scale Structure (LSS) snd so on. The sterile neutrinos with a mass of keV scale have been attracted much attention due to some cosmological observations and possible dark matter candidate. They can also play some roles in cosmology such as baryogenesis through leptogenesis. In particular, we give an overview of the possibility that keVscale sterile neutrino can be a good DM candidate and play a key role in achieving low scale leptogenesis simultaneously by introducing a complete model . This article is organized as follows. In section 2, we study the implications of the existence of light sterile neutrino by reviewing the current status of short base-line (SBL) experiments which lead to the unexpected results challenging the standard explanation of neutrino oscillation in the framework of three active neutrinos. We discuss whether a sterile neutrino with a mass of eV scale added on top of three active neutrinos can play a crucial role in reconciling those anomalous experimental results in terms of neutrino oscillations. In section 3, we study some roles of light sterile neutrinos in cosmology and discuss how their properties can be constrained by several cosmological observations. We introduced a model where tiny neutrino masses, low scale leptogenesis as well as sterile neutrino DM with a mass of keV scale are simultaneously accommodated. Finally, we summarize the roles of sterile neutrinos in particle physics and cosmology discussed in this review and give a short perspective of future study of light sterile neutrinos.
Light Sterile Neutrino in Particle Physics
Although eV scale sterile neutrino is not theoretically well motivated, an indication of possible existence of sterile neutrinos has arised from some anomalous experimental observations unexplained in terms of neutrino oscillations in the framework of three active neutrinos. Those anomalies have emerged in several SBL neutrino experiments with the ratio of the oscillation distance over the neutrino energy, L/E ∼ 1m/MeV, which are sensitive to neutrino oscillations involving mass squared differences ∆m 2 ∼ 1 eV 2 . We review the current status on the neutrino anomalies and how they can explained in terms of neutrino oscillations including sterile neutrinos with a mass of eV scale.
The LSND and MiniBooNE Anomalies
An experiment at Los Alamos National Laboratory (LSND) 32 created a large number of low-energy muon antineutrinos,ν µ , from the production of positive pions. While in the chain of reactions muon neutrinos and antineutrinos are produced in equal numbers, if the positive muons are stopped before they decay, the resulting antineutrinos populate the energy spectrum between 20 and 60 MeV where the contamination from their antiparticles can be kept smaller than 1 per mille. LSND could thus search for the appearance of electron antineutrinos,ν e , traveled about 30m in a large tank containing 167 tons of liquid scintillator, where the inverse beta decay reaction,ν e p → e + n, takes place with very small backgrounds. In five years of data taking, from 1993 to 1998, LSND collected 90 ± 23ν e appearance events at the 3.8σ level. The anomalous result observed at the LSND experiment 33 was the first indication of the possible existence of light sterile neutrino. It has been shown that the result can be interpreted in terms of a new mixing angle θ and a new masssquared difference ∆m 2 ∼ 1eV 2 . But, the independent experiment KARMEN 34 designed similar to LSND observed no such an anomalous signal, even though it was not able to rule out completely the regions of the parameters to interpret the LSND result in terms of oscillations. The MiniBooNE experiment at Fermilab 35 was designed to test the LSND results. In contrast to LSND, MiniBooNE made use of a conventional neutrino beam with neutrino energy of 600 (400) MeV and the same L/E ν as in LSND produced from mesons decaying in flight which generate at Fermilab. The MiniBooNE experiment has searched for ν µ → ν e (orν µ →ν e ) oscillations by measuring the rate of ν e n → e − p (orν e p → e + n) events and testing the consistency of the measured rate with the estimated background one. The first result reported in 2007 came out from the search of neutrino mode and showed no excess of events with E ν > 475 MeV, which was somewhat inconsistent with the LSND result for anitneutrinos. This was followed by the result released in 2009 36 showing an unexplained excess of ν e events below 475 MeV. Recently, MiniBooNE reported the observation of a total electron neutrino event excess in both neutrino and antineutrino modes of 460.5±95.8 events quantified at the level of 4.8 σ from the background-only hypothesis. 37 The observed excess is in agreement with the LSND result, and provides a good fit to a ∆m 2 of order 1 ev 2 in a two-neutrino oscillation framework. Combining the two results leads to a global significance exceeding 6σ
37 . An independent test of the LSND and MiniBooNE anomalies has been recently carried out at the long-baseline experiments ICARUS 38, 39 and OPERA. 40 In these experiments, due to the high energy of the beam, < E >∼ 17 GeV, the 3-flavor effects induced by non-zero θ 13 are negligible, which makes them sensitive to sterile neutrino oscillations. But, the current sensitivities of ICARUS and OPERA are not enough to rule out the mass-mixing region preferred by the LSND and MiniBooNE, and they can only restrict the allowed region to values of sin 2 2θ less than a few ×10 −2 .
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Reactor Antineutrino and Gallium Anomalies
A second class of anomalies was found in reactor-based experiments searching for the disappearance ofν e from the reactor flux, 41 as well as in the measurement of solar neutrino by the Gallium experiments, GALLEX 42 and SAGE. 43 A deficit ofν e fluxes observed at the distances 10 − 100 m between reactors and detectors in several SBL neutrino experiments in comparison with that expected from new calculations 44, 45 is known now as the reactor antineutrino anomaly. The new calculation based on more sophisticated ab-initio method improvedν e fluxes that are about 5% larger than the previous one. 46 Recently, new reactor antineutrino spectra from the four main fission isotopes 235 U, 239 Pu, 241 Pu, and 238 U have been provided, which increase the mean flux by about 3 %. 44 To a good approximation, this reevaluation applies to all reactor neutrino experiments giving new impetus to the study of light sterile neutrinos. The ratio of measured to predicted antineutrino flux based on the new calculation showed a deficit of 6%.
41
In Figure 1 , the ratios R of the measured (N exp ) and calculated (N cal ) number ofν e events are plotted observed in the various experiments : Bugey-3, As presented in the figure, the global world average of the ratio is R = 0.928 ± 0.024, which corresponds to a 3.0σ deficit.
12 Given the ranges of reactor neutrino energies and distances between sources and detectors, the explanation of the deficit in terms of neutrino oscillations requires ∆m 2 SBL 0.5 eV 2 , which is consistent with the LSND and MiniBooNE signals. 12 It is worthwhile to note that the reactor experiments could only see the averaged effect of the L/E ν modulation due to lack of the energy resolution, so the deficit might be due to flux mismodellings.
The explanation of the reactor antineutrino anomaly in terms of neutrino oscillations can be supported by some experimental results that are free from flux calculations. NEOS 64 In addition to the flux discrepancy, SBL experiments such as Daya Bay, 66 
RENO,
67 Double Chooz 62 and NEOS 64 observed statistically significant excess over prediction in theν e spectrum around 5 MeV at the ∼ 4σ level. The bump structure appears to be similar at the near and far detectors and is correlated with the reactor power. This result strongly disfavors a possible explanation in terms of neutrino oscillations as well as other new physics. This unexpected feature of the spectrum sheds doubt on the validity of the flux calculation as well as our understanding of the reactor spectra.
Radiochemical experiment using Gallium nuclei was performed by GALLEX 42 and SAGE 43 collaborations and observed a deficit of ν e from high intensity radioactive sources. The weighted average value of the ratio, R, of measured to expected events rates of the Gallium radioactive source experiments 43 is
which represents a deviation from unity of more than 2σ, named the Gallium anomaly. 68 The statistical significance of the deficit fluctuates around the 3σ level slightly depending on the assumptions made on the theoretical estimate of the cross section for the process ν e + 71 Ga → 71 Ge + e − . The deficit can be interpreted as an indication of ν e disappearance due to oscillations within the short distance L ∼ 1m between the source and the detector, even though it can be explained by a systematic error in the 71 Ge extraction efficiency and/or in the theoretical estimate of the cross-section.
Both the antineutrino reactor and gallium anomalies can be interpreted as a phenomenon of ν e disappearance driven by sterile neutrino oscillations. In an effective 2-flavor scheme the results can be described by a new mass-squared difference ∆m 2 and an effective mixing angle θ, which can be identified with ∆m 2 ≡ ∆m 2 41 and sin
in the so-called 3 + 1 framework. 69 The simultaneous explanation of both anomalies requires values of ∆m 2 ∼ 1.7 eV 2 and sin 2 2θ ∼ 0.1.
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The inclusion of the recent results from NEOS 64 tends to shift downward the best fit value of the mixing angle to sin 2 2θ ∼ 0.08. 70 The results of NEOS deserve some further comment. A raster scan analysis made by the collaboration excludes the hypothesis of oscillations at the 90% C.L. On the other hand, the expansion of the ∆χ 2 evidences a preference for sterile neutrino oscillations at roughly 2σ in 2 d.o.f. (standard 3-flavor case disfavored at ∆χ 2 = 6.5). 70 In addition, the region of parameters identified by NEOS lies inside the region allowed by all the current SBL data. 70 We think that these two findings are intriguing and deserve more attention. In conclusion, a common interpretation of these results may result in the existence of a neutrino at a mass scale of 1 eV or above, which could drive the oscillation solution with ∆m 2 ∼ 1eV 2 favoured by LSND and escape the results of Roles of sterile neutrinos in particle physics and cosmology 7 other experiments.
Interpretation of Neutrino Anomalies in 3+1 Scheme
Thanks to the observation of neutrino oscillations, it became clear that the SM should be extended so as to generate tiny neutrino masses. The simplest and sufficient way to endow the active neutrinos with masses is to add right-handed neutrino fields that are singlets under the SU(2) L × U(1) Y symmetry. Since they do not have standard weak interactions, they are also called sterile neutrinos. The introduction of the right-handed neutrinos make it possible to allow Majorana mass ν T sR C † ν sR with the charge conjugate operator C that are invariant under SU(2) L ×U(1) Y gauge transformations. When the mass scale of right-handed neutrinos is very large compared with Dirac neutrino masses, it is possible to use so-called seesaw mechanism that produces naturally tiny neutino masses for the left-handed active neutrinos. Such heavy right-handed neutrinos are decoupled from the accessible low-energy physics and thus do not have any impact on phenomenology. But, not all of the right-handed neutrinos need to be very heavy, some of them could be so light that they could be invoked in low-energy physics such as neutrino oscillations and play important roles in cosmology.
We assume that light sterile neutrino with a mass of order 1 eV interacts through mixing with the active neutrinos, the so-called 3 + 1 scheme, which is the simplest framework to tackle the neutrino anomalies observed in the SBL experiments. In this framework, the four massive neutrino fields ν kL , with k = 1, . . . , 4, are obtained from the active and sterile flavor neutrino fields through an unitary transformation that diagonalizes the neutrino mass matrix 18 :
where U is an unitary 4 × 4 matrix. In general, the unitary 4 × 4 mixing matrix is parameterized in terms of 6 angles and 6 phases. In the framework of 3+1 active-sterile mixing, the SBL neutrino experiments are sensitive only to the oscillations caused by the squared-mass difference ∆m |, which generate the observed solar, atmospheric and long-baseline neutrino oscillations explained by the standard three-neutrino mixing. 71 The unitary 4 × 4 mixing matrix is constructed so that the unitary 3 × 3 mixing matrix is extended to an unitary 4 × 4 matrix with
In the approximation, the flavor oscillation probabili- νe appearances from SBL experiments in the 3 + 1 scenario. The allowed parameter regions are projected onto the sin 2 2θµe − ∆m 2 41 plane. 74 The red region is allowed by fit to the combined appearance data.
ties of the neutrinos in the SBL experiments are given by
where α, β = e, µ, τ, s, L is the source-detector distance and E is the neutrino energy. The oscillation amplitudes depend only on the absolute values of the elements in the forth column of the mixing matrix,
Since |U α4 | 2 with α = e, µ, τ is supposedly small, the oscillation amplitudes for the disappearance modes are related to those for the appearance modes such as 69, 73
This relation may serve as a check if the interpretation of the disappearance modes is in consistent with that of the appearance ones in terms of neutrino oscillations containing sterile neutrino.
Combination of (−)
ν e Appearance Experiments ν e appearance searches from the most global fit projected onto the sin 2 2θ µe − ∆m 2 41 plane. 74 In the analysis, the LSND data from both pions decaying at rest and in flight are included. One can see that all the data sets are consistent among each other. All the parameter space inside the colored regions is allowed at 99% C.L. by two experiements LSND and MiniBooNE that observed an excess in (−) ν e appearance. All the parameter space to the right of the colored lines is disfavored at 99% C.L. by experiments that did not observed plane. 74 The regions inside the shaded areas and to the right of the exclusion curves are allowed. The green curves correspond to the limits on |U e4 | 2 obtained from atmospheric neutrino data from SuperK, IceCube and DeepCore. Figure is extracted from Ref. 74 any significant excess. No-oscillation hypothesis for all appearance data is shown to be disfavored compared with the best fit marked by star. But, we note that the global analysis for (−) ν e appearance experiments has a relatively poor goodness of fit 74 .
Combination of
ν e disappearance channels, the most stringent constraints on the mass-mixing parameter space come from reactor antineutrino experiments at SBL, L 1km. Fig. 3 shows constraints on (−) ν e disappearance in the 3 + 1 scheme. The preferred parameter regions at 95% and 99% C.L. are projected onto the |U e4 | 2 − ∆m 2 41 plane. The shaded regions and the parameter space to the left of the exclusion curves from solar and atmospheric data are allowed. For the reactor analysis, free flux normalizations are assumed. The red region includes all the disappearance data and the best fit is marked by star. The global
ν e disappearance data show a robust indication in favor of sterile neutrino at 3σ C.L.
Appearance -Disappearance Tension
We see from Eq.(6) that the bounds on |U e4 | and |U µ4 | from ν e and ν µ disappearance data lead to a quadratic suppression of sin 2 2θ eµ which corresponds to the amplitude of ν µ → ν e oscillation. Although no obvious anomaly has been observed in ν µ disappearance channel, the limits on |U µ4 | can be used to check the νe disappearance data (νe DIS), (−) νµ disappearance data (νµ DIS) and the combined disappearance data (DIS). The best-fit points of the GLO and APP fits are indicated by crosses. Figure is extracted from Ref. 75 consistency of the relation Eq.(6). Fig. 4 shows the allowed regions in the sin 2 2ϑ eµ -∆m 2 41 plane obtained from the global fit to SBL neutrino oscillation data in the 3 + 1 framework, which compared with the bounds from the disappearance data.
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The best-fit values of the oscillation parameters 75 are given as ∆m
, from which those of oscillation amplitudes are determined to be sin 2 2ϑ eµ ∼ 0.0015, sin 2 2ϑ ee ∼ 0.11 and sin 2 2ϑ µµ ∼ 0.054. The purple (ν e DIS) and maroon (ν µ DIS) curves represent the 3σ exclusion obtained ν µ SBL disappearance data, respectively, by imposing the relation,
. The red curve (DIS) corresponds to the 3σ exclusion from the combined SBL disappearance data by applying the relation Eq.(6). The region surrounded by the blue curve (APP) is the 3σ allowed region obtained from
ν e SBL appearance data. While the separate 3σ exclusion curves for 
ν e SBL appearance model, most of the region surrounded by blue curve is excluded by the one obtained the combined SBL disappearance data . Thus, this indicates a strong appearance-disappearance tension.
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Recent analysis performed in Ref. 74 concludes that the sterile neutrino oscillation hypothesis as an explanation of the LSND and MiniBooNE anomalies is strongly disfavored, whereas it remains a viable option for the reactor antineutrino and Gallium anomalies. Such a conclusion comes out from the strong tension between the anomalies in the appearance data and disappearance data, which is supported by rather severe constraints on the mixing parameter in (−) ν µ disappearance mode due to recent data from MINOS/MINOS+ 78 and IceCube. 79 An interesting proposal to alleviate the tension has been suggested in Ref. 80 The key idea of the proposal is to exclude from the fit an anomalous excess of ν e -like events appeared in the low-energy bins of the MiniBooNE experiment. 36, 81 Since the MiniBooNE low-energy excess requires a small value of ∆m 2 41 and a large value of sin 2 2ϑ eµ , 82 exclusion of the low-energy excess from the fit makes the allowed region by appearance data shifted towards larger values of ∆m 2 41 and smaller values of sin 2 2ϑ eµ . As a result, the overlap of the region allowed by both appearance and disappearance data gets increased.
Impact of light sterile neutrino on neutrinoless double beta decay
The existence of sterile neutrino with a mass of eV scale has important implications on the neutrinoless double beta (0νββ) decay through the effective neutrino mass. [83] [84] [85] [86] [87] [88] [89] [90] [91] As is well known, 92-95 the 0νββ decay violates the lepton number by two units, and naturally happens when
ν e is an admixture of mass eigenstates of Majorana neutrinos. Allowing the sterile neutrino with a mass of eV scale mixing with the active neutrinos, the 0νββ decay rate is proportional to the effective neutrino mass given as 
where m i and U ei stand for the individual neutrino masses and the first-row entries of the 4 × 4 neutrino mixing matrix, respectively, and c ij = cos θ ij , s ij = sin θ ij . We see that the effective neutrino mass is sensitive to the Majorana phases, α, β, and γ, whereas the Dirac phases do not appear in m ee .
It is worthwhile to note that in the framework of three active neutrinos the effective neutrino mass can vanish for the normal mass hierarchy, whereas it can not vanish for the inverted mass hierarchy [96] [97] [98] [99] However, the effective neutrino mass given by Eq. (7) can be zero irrespective of the mass hierachy of three active neutrinos. 90 This feature implies that neutrinos can be Majorana particles even in the case that the 0νββ decay is absent for the inverted mass hierarchy of three active neutrinos. In Ref.
, 90 it has also been shown by taking ∆m 2 41 = 1.7eV 2 and sin
Light Sterile Neutrino in Cosmology
Sterile neutrinos can play an important role in the evolution of the Universe, modifying the cosmological observables. In this section we review on the aspects of sterile neutrinos in cosmology and we discuss how the analysis of current cosmological observations can be used to learn about sterile neutrino properties such as a mass and mixing with active neutrinos with very good perspectives from future cosmological measurements. To see how cosmology is sensitive to the possible existence of sterile neutrinos, we first consider detectable imprints of sterile neutrinos on cosmological observables that can be used to constrain properties of sterile neutrinos. In previous section, we have considered a sterile neutrino with a mass of eV scale motivated by a few anomalies in the SBL neutrino oscillation data. Those neutrinos can be produced by oscillations of the active neutrinos in the early universe, leaving possible traces on different cosmological observables. The contribution of the light sterile neutrino depends on whether it is (was) relativisitic or not in some epoch in early Universe. If those sterile neutrinos are produced well before the active neutrino decoupling, they aquire quasi-thermal distributions and behave as extra degrees of freedom at the time of BBN. Let us begin by studying the relavent observables that can be useful to probe the existence of such a light sterile neutrino with a mass of eV scale. And then, we move to review on the cosmological roles of sterile neutrino with a mass of keV scale. For such a neutrino, we will mainly discuss the possibility that it can be DM candidate and play a key role in achieving low scale leptogenesis.
Parameters and Constraints
Parameters : To probe imprint of light sterile neutrino on cosmological observables, let us first introduce two parameters whose constraints or values can be extracted from cosmological data. The first one is the so-called effective number of relativistic species and the other is effective sterile neutrino mass. The effective number of relativistic species, N eff , is responsible for the total energy density in radiation excluding photons and defined by 100, 101 
where ρ
γ is the energy density of one SM massless neutrino with a thermal distribution, ρ γ is the energy density of photons, and ρ r is the total energy density in relativistic particles. The expression (8) is valid when relativistic particles contributing to N eff are decoupled from the thermal plasma at T ∼ 1 MeV below which photons, electrons and positrons are in thermal equilibrium. In the SM, by the time of BBN only the three known neutrino species contribute to ρ r , resulting in N eff = 3.046.
102 This is slightly larger than three because the SM neutrinos are not fully decoupled at e + e − annihilation, they do share some of the energy (entropy) when the e + e − pairs annihilate. 102 Extra radiation beyond the SM would cause a deviation from above the SM value of N eff , which is denoted as ∆N eff . Although adding an extra light fermion could contribute ∆N eff = 1, most generally N eff is noninteger and varies with time. The presence of a non-zero ∆N eff due to sterile neutrinos would modify the cosmic expansion rate and affect the BBN of light elements, the CMB anisotropies, and the formation of LSS. We will present the constraints on ∆N eff obtained from those observations later.
Massive neutrinos become non-relativistic when their masses are equal to their average momentum, given for any Fermi-Dirac-distributed particle by < p >= 3.15T . Thus the redshift of the non-relativistic transition is given by 103 z −3 eV and 1 eV can contribute not only to the radiation density at the time of equality and but also to the non-relativistic matter density today. Assuming that the light sterile neutrino has a thermal distribution with an arbitrary temperature T s , the true mass of a thermally distributed sterile neutrino reads
where the sterile neutrino distribution is assumed to be the same as for the active neutrinos in the instantaneous decoupling limit. The sterile neutrino contribution to the non-relativistic matter energy density can be parameterized in terms of the dimensionless parameter
where ρ s and ρ c are the energy density of non-relativistic sterile neutrinos and critical density, respectively. Alternatively, ω s can be converted to the effective sterile neutrino mass, m 
In this case, the total neutrino density becomes Ω ν h 2 = 0.00064 + Ω νs h 2 , where 0.00064 is the contribution to the neutrino density by the three active neutrinos, Ω ν = mν i 93.03h 2 eV , assuming the sum of three neutrino masses to be m νi = 0.06 . Thus, any change from Ω ν h 2 = 0.00064 may be a hint of the existence of light sterile neutrino.
Massive neutrinos could leave distinct signatures on the CMB and LSS at different epochs of the Universe's evolution. 107 To a large extent, these signatures could be extracted from the available cosmological observations, from which the total neutrino mass could be constrained. Currently, the CMB power spectrum, combined with LSS and cosmic distance measurements can provide tight limits on the total mass of neutrinos. 105, 106 If the production is non-thermal, instead, there are several possible scenarios. A popular one is the non-resonant production or Dodelson-Widrow (DW) scenario. 30 In the DW scenario the momentum distribution function of light sterile neutrino can be written as f Constraints for Relativisitic Sterile Neutrino : The relativistic sterile neutrino can affect the expansion rate during the BBN, which in turn affects the observed abundance of light elements and in particular that of 4 He. From the observed primordial abundance of helium and other light nuclear species, one can obtain an estimate of the energy density of the Universe at the epoch of BBN, that can be translated in an estimate of N eff , which can then lead us to extract an upper limit:
In the absence of mixing, sterile neutrinos that interact only extremely weakly will not be in thermal equilibrium at the nucleosynthesis epoch, and therefore the limit (12) cannot in general exclude their existence. However, mixing between active and sterile neutrinos induces oscillations that can generate a significant population of sterile neutrinos. If the mixing is sufficiently large and the oscillations sufficiently fast, one can violate the bound (12) . Therefore the bound (12) can be used to set limits on the existence of oscillations between active and sterile neutrinos. According to Ref., 112 BBN constrains N eff such that ∆N eff < 1 at 95% C.L., regardless of the inclusion of CMB constraints on the baryon density Ω b h 2 . In addition, a nonzero value of ∆N eff due to sterile neutrinos could affect the evolution of the CMB anisotropies in a few ways, as studied in.
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We see that the Planck satellite measurement is in very good agreement with both the standard prediction of N eff = 3.046 and BBN results, in spite of a marginal preference for extra relativistic degrees of freedom (exacerbated if astrophysical measurements of H 0 are included). 106 More recently, the authors of Ref.
114 obtained ∆N eff < 0.2 at 95% C.L. by taking into account the BBN and CMB data. In the analysis of the Planck collaboration 106 the constraints on N eff alone have been obtained considering massless neutrinos in the ΛCDM +N eff model. However, it is interesting to present them in order to understand how the constraints on N eff change when different experimental results are taken into account. Considering the temperature (Planck TT) and the low-polarization (lowP) data can result in N eff = 3.13 ± 0.32, 106 which is consistent with the standard three-neutrino value N eff = 3.046. The inclusion of BAO observations [115] [116] [117] tightens slightly the constraint to N eff = 3.15 ± 0.23, leading to the upper bound ∆N eff < 1 at more than 3σ.
106
Probing ∆N eff precisely at different epochs, during BBN and at the formation of the CMB, can make it possible to discriminate among different models.
Constraints for Non-relativistic Sterile Neutrino : Here, we consider the light sterile neutrinos which are counted as radiation at the time of radiation-matter equality and as non-relativistic matter today. As mentioned above, the sterile neutrinos with a mass in the range from 10 −3 eV to 1 eV. The non-relativistic massive sterile neutrinos may affect the CMB temperature and polarization spectrum shape in a few ways as discussed in. 103 Since both the redshift of matter-to-radiation equality z eq and baryon density are well-constrained parameters, matter density ω m and N eff through z eq is exactly degenerate, due to which the CMB alone is not a very powerful tool for constraining sub-eV neutrino masses. In order to break the N eff -ω m degeneracy, it is desirable to combine the CMB data with homogeneous cosmological constraints and/or measurements of the LSS power spectrum and so on. 103 The LSS of the Universe can be probed by the measurement of the matter power spectrum at a given redshift z eq . Since the shape of the matter power spectrum is affected by the free-streaming caused by massive neutrinos with a mass of the eV scale, it is the key observable to constrain neutrino masses.
The Planck collaboration has released results for sterile neutrino by assuming that two active neutrinos are massless, one active neutrino has a mass of 0.06 eV and one sterile neutrino has a mass m s . 106 In the analysis, they take a phase-space distribution of the sterile neutrino equal to the one of active neutrinos multiplied by a suppression factor χ s , which corresponds to the generation of sterile neutrinos through non-resonant oscillations proposed in. 30 The authors reported the result of a search for sterile neutrino with the latest cosmologcial observations. 118 In The results shows that N eff cannot be well constrained using only the CMB+BAO data, but the addition of H 0 , SZ, Lensing, and WL data can significantly improve the constraint on N eff , favoring ∆N eff > 0 at the 1.27σ statistical significance. Evidently, adding low-redshift data tightens the constraint on m eff s significantly.
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This indicates that the SZ cluster data (as well as the H 0 , Lensing, and WL data) play an important role in constraining the mass of sterile neutrino. This result seems to favor a massless sterile neutrino, in tension with the previous SBL neutrino oscillation experiments that prefer the mass of sterile neutrino at around 1 eV.
As shown in Fig. 5 , in spite of the stringent constraint on m eff s given above, a sterile neutrino with a mass of 1 eV is possible if ∆N eff is quite small. However, sterile neutrinos introduced to resolve the SBL neutrino anomalies would imply full thermalization before CMB decoupling in the early Universe, resulting in ∆N eff 1. Therefore, such a high value of N eff , especially combined with m s 1 eV, is strongly disfavored.
Sterile Neutrino As a Dark Matter
Since neutrinos in the SM are the only electrically neutral and long-lived particles, they could play a role of DM. In order to constitute the whole DM, the sum of three neutrino masses in SM should be about 11.5 eV, 10 which is clearly in conflict with the existing experimental bounds on neutrino mass as well as those from cosmological data. Moreover, since neutrino mass is much smaller than their decoupling termperature, they become non-relativistic in the matter-dominated epoch, which implies that they are hot DM disfavored by current cosmological data. Hence, we need to extend the SM in order to accommodate DM candidate that provides the right relic abundance. Sterile neutrinos do not carry any SM gauge charges and thus are free from any of the known forces of nature except gravity. In order to be viable DM candidates, they must, however, be much heavier than neutrinos in the SM and have some interactions with other particles which generate a number of the population. The sterile neutrinos with masses of a few keV can be a viable DM candidate, and are expected to leave imprints in various cosmological observations. We will discuss how they can produce in the early Universe and can be plausible as a DM candidate by confronting them with the current cosmological data. In particular, a sterile neutrino with a mass of keV scale can be a warm DM 124 that has been proposed to resolve small scale structure problems faced by cold dark matter . How warm the sterile neutrinos are depends on how they are produced in the early Universe. Now let us review on some mechanisms to produce sterile neutrinos with a mass of keV scale in the early Universe and then examine how they can be constrained by several cosmological data.
Non-resonant Production via Mixing (freeze in)
In models where the sterile neutrinos mix with active neutrinos such as type-I seesaw model, the sterile neutrinos can be produced through coherent oscillations between active and sterile states with a rate reduced by the active-sterile mixing angles. 30, [125] [126] [127] As a neutrino propagates through the plasma of the early Universe it can coherently forward scatter on particles that carry weak charge, which makes the neutrino have an in-medium mixing angle θ m which is generally different from the vacuum mixing angle. Depending on the mixing angle θ m and the oscillation phase, a coherently propagating neutrino has an amplitude to be either active or sterile at any point along its path. Alternatively, the sterile neutrino can be produced through decoherent scattering processes with overall scattering rate Γ να ∼ G where G F is the Fermi constant. After a neutrino suffers a scattering process, it propagates coherently and can be measured in a sterile state with the propability proportional to sin 2 2θ m , due to which the sterile neutrino production rate becomes
(For the details of θ m , see. 19, 22 ) At low temperatures the production of the sterile neutrino is suppressed because scattering rate becomes too small, whereas at high temperatures θ m is suppressed due to the temperature dependent potential that is proportional to T 4 and appears in the denomenator of the formular for sin 2 2θ m . Due to this suppression, sterile neutrinos with mixing angle smaller than sin 2 2θ ∼ 10 −6 were never in thermal equilibrium in the early Universe and thus allows their abundance to be smaller than the equilibrium one. Therefore, the sterile neutrino is produced via incomplete freeze in, and the particles momentum distribution is non-thermal, which is important in the context of cosmic structure formation. Moreover, a sterile neutrino with these parameters is important for the physics of supernovas, 128 and was proposed as an explanation of the pulsar kick velocities. [129] [130] [131] The peak rate of the sterile neutrino production through this mechanism occurs at temperature 30, 132 T max 133MeV m s 1keV
where m s is the sterile neutrino mass. For keV sterile neutrino DM, they are produced above temperature T ≥ 100 MeV. It is known that for any non-zero θ, sterile neutrinos non-resonantly produced contributes to the relic density. If this constribution consists of the whole observed relic density, sterile neutrinos produced by this mechanism are excluded by a combination of structure formation bounds, X-ray searches and Lyman-α forest as shown in.
Resonant Production via Mixing
The non-resonant production of sterile neutrinos is operative when the lepton asymmetry in the primordial plasma is negligibly small. However, the constraints on the lepton asymmetry are significantly weaker than those on the baryon asymmetry, which opens up new possibility of sterile neutrino production. As the MikheyevSmirnov-Wolfenstein (MSW) effect 133 enhances the transition between two active neutrinos, the presence of a large enough lepton asymmetry in the early Universe may resonantly enhance the transition between active and sterile neutrinos.
126, 134-136 Such a resonance could produce sterile neutrinos having a very sharp momentum at a given resonance temperature T res , which results in a characteristic peak in the distribution function on top of a spread-out contiuum part. Since this peak is located at a comparatively small momentum, sterile neutrinos with a mass of keV scale produced resonantly are generally colder than those with the same mass produced non-resonantly shown above. It is known that the relic density of sterile neutrinos and their energy spectrum nontrivially depend on the active neutrino scattering rates and in-medium active-sterile mixing angle 137 . Numerically, accounting for all relic density with a sterile neutrino with 7.1 keV mass produced via this mechanism demands an initial net lepton asymmetry (n να − nν α )/n γ ∼ 10 −5 − 10 −4 107, 126, 138 for sin 2 θ ∼ 10 −11 − 10 −10 as suggested by the X-ray observations. 139, 140 Ref. 141 shows that sterile neutrino DM produced resonantly is disfavored by the combined constraints from Lyman-α forest, dwarf galaxy number counts, and X-ray data. Particularly, depending on how aggressively the Lyman-α data is interpreted, the resonant production of sterile neutrino may even be excluded. 
Production by Particle Decay
An alternative way to generate sterile neutrino DM with a mass of keV scale is via the decay of a heavy parent particle into sterile neutrinos 22, [143] [144] [145] [146] [147] The parent particle can be in-equilibrium and/or our-of-equilibirum when the sterile neutrinos are produced. There are many models to implement this mechanism to produce sterile neutrinos 19, [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] . If the decay occurs after the heavy particle has frozen out or before it reaches thermal equilibrium, which means out of thermal equilibrium decay, this mechanism corresponds to the non-thermal production. The sterile neutrino produced from the decay of a heavy scalar that is a frozen-out relic becomes cooler than that produced via mixing with active neutrinos, which is less constrained from cosmological bounds. Regardless of the mechanism, if the active-sterile mixing is large enough for non-resonant or resonant production via mixing to be significant, that should be included in the estimation of relic density.
The production of sterile neutrinos from the decay of bosonic particle in equilibrium was first calculated in a model where the inflaton plays the role of the parent particle. 143 The decay of a gauge-singlet Higgs boson at temperature of the order of the scalar mass, T ∼ 100 GeV, can be responsible for the production of sterile neutrinos. In this case, the abundance of sterile neutrinos Y s = n s /s is given in the limit that the number of degrees of freedom during the production epoch, g * , is constant by
where Γ is the partial width for scalar decay into sterile neutrinos and
is the reduced Planck mass. The average momentum of sterile neutrinos produced in this mechansim is p /T = π 6 /(378ζ(5))T 2.45 at T ∼ 100 GeV, which is lower than thermal p /T 3.15 as well as that from non-resonant ( p /T ∼ 2.83) .
The singlet scalar would also be so weakly coupled to the SM Higgs boson so that they could go and decay out of equilibrium at temperature below the scalar mass. We will consider in detail this possibility later by introducing a model including sterile neutrino with a mass of keV scale. It is worthwhile to note that the decay production mechanism is in the better agreement with cosmological data and can lead to very involved spectra with two or partially even three different characteristic momentum scales, which can help to address the small scale problems of cosmic structure formation .
147, 159

Constraints on keV Sterile Neutrino
Bounds From X-ray Observations : The DM particle must be stable on cosmological time scales. However, DM particles can decay if they have decay lifetimes longer than the age of the Universe, t Universe = 4.4 × 10 17 s , 106 in all considered channels, and the decay signals may be in the observable range to be detectable. In models where sterile neutrinos communicate with the SM via mixing with the active neutrinos, the main decay channel of keV sterile neutrino is ν s → ννν with different combinations of flavors, 160, 161 which determines the lifetime of sterile neutrino. From the requirement of the lifetime longer than t Universe , we get the bound on the mixing angle θ between active and sterile neutrino, 
A sub-dominant decay channel is the radiative decay of sterile neutrino into a photon and an active neutrino, [160] [161] [162] [163] which occurs via 1-loop diagrams as shown in Fig.  7 . The decay width is proportional to m 5 s sin 2 2θ. Since the active neutrino mass is negligible compared to the keV mass of the sterile neutrino, the photon produced from the decay is monoenergetic. Therefore, the smoking gun signature to search for the sterile neutrino DM is to observe a monoenergetic X-ray at half of the sterile neutrino mass. There exist several types of the X-ray signal generated by the decay of sterile neutrino DM. First, such a decay can contribute to the diffuse X-ray background (XRB) throughout the histroy of the Universe. 124, [164] [165] [166] The non-observation of the decay feature in the XRB signal leads us to a bound on the mixing angle θ and DM mass m s , 166, 167 Ω s sin 2 2θ 3 × 10
There exists the total DM decay flux from the individual clusters of galaxies, 126, 165 which is of the same order of that from the XRB but shows different spectral shape of an expected signal. While the DM decay line in the XRB spectrum is broad, that from the cluster is narrow, whose width is determined by the spectral resolution of an X-ray detector or by the velocity dispersion of the DM halo of the cluster. As shown in, 166, 168 the signal in the narrow energy band centered on the line energy E = m s /2 can be enhanced. We can also observe the flux from the direction of individual dwarft spheroidal(dShp) galaxies 169 which is expected to be comparable to the flux from individual galaxy clusters. 168, 170, 171 Although DM mass concentrations nearby dSph galaxies have much smaller DM masses and their luminosity in the DM decay line is lower than that from the galaxy clusters, 169 the flux of the line gets increased due to their proximity to the Milky Way.
168, 170, 171
Finally, it is expected to observe the DM decay signal from the Milky Way halo whose strength is comparable to that from the galaxy clusters, in spite of the much smaller DM mass in those structures. Search for the DM decay signals in the keVMeV mass range from the XRB, galaxy clusters, dShp galaxies and the Milky Way halo was conducted by using various X-ray telescopes (see Ref. 19 ). Non-observation of the decay line leads us to upper limits on the mixing angle θ as a function of the sterile neutrino mass m s (≡ M DM ), which are shown in Fig. 8 where the colored regions are excluded.
Bounds From the Lyman-α Forest : The Lyman-α forest is a series of absorption lines shown in the spectra of galaxies and quasars arising from the Lyman-α electron transition of the hydrogen atom. [172] [173] [174] [175] [176] It maintains cosmological information and could be used to probe the clustering of matter over a range of scales from sub-Mpc up to few hundreds of Mpc and a range of redshift from z = 2 to z = 6. The absorption spectrum is a map of density fluctuations in the intervening intergalatic medium with peaks of density fluctuations at the density peaks of the absorbing gas.
177 Thus, the amplitude and shape of the power spectrum of matter fluctuations measured through the Lyman-α forest observables in the spectra can be used to constrain cosmology.
The Sloan Digital Sky Survey (SDSS) 178 provided a much larger sample of 3035 medium-resolution quasar spectra which allows the detailed measurements of the Lyman-α forest power spectrum 179 so as to provide cosmological constraints. 180 A new measurement of the Lyman-α forest power spectrum in both 3-dimensonal and 1-dimensional redshift space has been implemented by using a much larger number of quasar spectra at redshift z > 2 that could be observed by SDSS III 181 through the Baryon Oscillation Spectroscopic Survey.
182 While three-dimensional power spectrum uses only information from the flux correlation of pixel pairs in different quasar spectra leading to information on rather large scales, one-dimensional power spectrum uses the correlation of pixel pairs on the same quasar spectrum leading to information on smaller scales that are fundamental to constrain the physical parameters of the Lyman-α forest.
177
Lighter mass warm DM particles more easily escape gravitational potentials, and thus suppress structure on large scales, which can be constrained by the observed clustering on small scales of the Lyman-α forest. 183 The structure formation is not directly sensitive to the properties of DM particles, but sensitive to their free streaming length λ FS . A bound on λ FS can be converted into a bound on the sterile neutrino DM mass if their momentum distribution is known. For a thermal relic warm dark matter, λ FS is given in a good approximation by,
where p DM is the average momentum of the DM particles and p ν ∼ 1 keV is the comoving momentum of active neutrinos when the sterile neutrino thermally produced becomes non-relativistic. But, there is no such simple relation for the sterile neutrinos produced resonantly or from a heavy particle decay. The most recent and comprehensive analysis of the Lyman-α forest from HIRES/MIKE for warm DM models has been made in. 185 The conclusion is that the lower limit on m s is 3.3 keV at 2σ C.L. for a thermally produced warm DM. Similar analysis of the same high-resolution Lyman-α forest data had given constraints of m s > 3.3 keV 185 from HIRES/MIKE and m s > 3.95 keV from SDSSIII/BOSS.
186
If one allows for a sudden jump in the temperature evolution the constraint above becomes weaker by about 1 keV. Recent analysis of the XQ-100 and HIRES/MIKE Lyman-α forest data sets 187 provides new constraints on the free-streaming of warm DM, which is given in term of the mass of a thremally produced warm DM particle by m s > 5.3 keV at 2σ. These bounds rely on the assumption that the DM momentum distribution is not too different from the thermal spectrum.
Light Sterile Neutrino As a Mediator for Leptogenesis
Here, we shortly show how light sterile neutrino plays a crucial role in successfully achieving low scale leptogenesis. A concrete model will be provided later, where both right amount of relic abundance of sterile neutrino and low scale leptogenesis can be simultaneously achieved. On top of type I seesaw model, introducing an extra light sterile neutrino χ and a singlet scalar field φ and allowing new Yukawa interaction,χφN Ri with heavy right-handed neutrino N Ri , we can achieve low scale leptogenesis. The coupling constant of this interaction can be in general complex which is the source of CP violation required. In this scenario, leptogenesis is realized by the decay of lightest heavy Majorana neutrino N R1 into the Higgs boson and leptons in the SM before the scalar fields get vacuum expectation values. The CP violation required for leptogenesis is given by
with Γ tot (N R1 ) being the total decay rate of N R1 . Fig. 9 shows the structure of the diagrams contributing to 1 . In this model, on top of the diagrams for the standard leptogensis, 189 a new vertex diagram arising due to the Yukawa interaction Y χχ φN contributes to 1 . The key idea on the realization of low scale leptogenesis is the enhancement of 1 due to the new vertex contribution to 1 . The details on this mechanism for low scale leptogenesis will be provided in next subsection.
A Model for keV Sterile Neutrino DM
In this section, we review on a renomalizable model with keV sterile neutrino to show how the sterile neutrino can be a good DM candidate and play an important role in low scale leptogenesis. In this model, the relic abundance is related with lepton asymmetry required for successful baryogenesis through leptogenesis. As will be shown, tiny neutrino masses can be achieved via so-called double seesaw mechanism in the model.
Setup : For our purpose, we extend the type I seesaw model by introducing a singlet neutrino, χ, and a singlet scalar field, φ. In this model, we consider the possibility that the sterile neutrino χ is a keV scale DM. The Yukawa interactions and mass terms associated with neutrinos in the Lagrangian we consider are given by, 153, 188, 190 
where L i , N Ri , and H stand for an SU(2) L lepton doublet with flavor index i, a right-handed singlet neutrino, and an SU(2) L scalar doublet field, respectively, and we take the charged lepton diagonal basis. We see that the Lagrangian Eq.(19) has a Z 2 symmetry under which the fields φ and χ are odd, and all the other fields are even. This Z 2 symmetry, if unbroken, makes the lightest singlet neutrino χ stable and thus be a DM candidate. However, the Z 2 symmetry is broken once the singlet scalar field φ takes a non-zero vacuum expectation value (VEV). Although χ is no longer stable in that case, it is still a viable DM if its lifetime is much longer than t Universe , as will be shown later. The scalar potential is given by 191, 192 
Defining VEVs of the neutral components of the H and the φ fields as v and v φ , respectively, we expand the fields as H → h √ 2 + v and φ → φ + v φ . This gives us a 2 × 2 mass squared matrix for the scalar fields as follows,
Assuming λ Hφ << λ H , λ φ , the eigenvalues of this mass squared matrix are given by
where θ is the mixing angle between H and φ explicitly given by
We take λ Hφ > 10 −6 145, 146 in order to make φ be an appropriate candidate of the heat bath. On the other hand, we demand that the mixing angle θ is small enough to not affect the SM like Higgs phenomenology. Thus, we take λ Hφ = 5 × −5 in the numerical analysis. For such a small λ Hφ , we can ignore its contributions to the scalar masses given in Eq. (22), as well as its effects on the LHC Higgs boson signals. Then, we may take m H = 125 GeV which is achieved for v = 246 GeV and λ H = 0.26. We also choose v φ = 100 GeV and λ φ = 0.5, which gives rise to m φ = 100 GeV which will be taken as a benchmark point for achieving the right DM abundance.
Light Neutrino Masses : From the Lagrangian Eq. (19), we see that the neutrino mass matrix in the basis (ν j , N Ri , χ) is given as 153, 188, 190 
where 
where we have omitted the indices of the mass matrices, m D , M χ , M N and µ, for simplicity.
On the other hand, the mass of sterile neutrino, χ, is approximately given by
Further assuming that M 
Taking µ ∼ 7.1 keV, the sterile neutrino is regarded as DM leading to 3.55-keV peak in the galactic X-ray spectrum. Then, we see from Eq. (25) that m D /M χ 3.8(1.7) × 10 −3 for m ν 0.05(0.01) eV, corresponding to the atmospheric (solar) neutrino mass scale in the hierarchical spectrum. If low scale leptogenesis is to be achieved, the lightest M N should be taken to be a few TeV. Once we take M N ∼ 10 TeV, we are led from Eq. (26) to
In order for the sterile neutrino to be DM with a mass of 7.1 keV, a requirement is that sin 2θ χ ∼ 10 −5 . We note that such a small mixing angle θ χ ensures that sterile neutrinos χ were never in thermal equilibrium in the early Universe and thus their abundance must be smaller than that in thermal equilibrium. Let us show how the correct abundance of the sterile neutrino can be achieved via freeze-in decay of the scalar field φ.
Production of DM : Now, let us study how the relic abundance of χ with a mass of keV scale can be computed. We note that the interactions with couplings Y χ1 were never in thermal equilibrium in early Universe because it is so small that tiny neutrino masses, as well as small mixing angle θ χ could be realized. It is worthwhile to note that a large value of Y χ2 is essential in achieving not only low scale leptogenesis but also the correct amount of relic abundance. In our model, the production of χ through H + ν → φ + χ is turned out to be negligibly small compared to their production through the decay of the scale field φ. So, we focus on the production of χ via so-called in-equilibrium decay of φ. 145, 146, 193 After the heavy Majorana neutrino N 2(3) decouples and φ gets VEV, an effective interaction term, |Y χ2 | 2 (v φ /M N2 )φχχ, is generated, through which φ decays into a pair of χ. Thanks to rather large value of λ Hφ , φ is in equilibrium until it decouples at the freeze-out temperature T f . The rate for the decay process, φ → χχ, is given by
In general, this decay process takes place through both in-equilibrium and outof-equilibrium decay of φ into a pair of χ. 145, 146, 193 The equilibrium production occurs at temperature above T f while at temperature below T f the production of DM continues to occur via the out-of-equilibrium decay of φ. In this work, we will choose a parameter space where the decay process takes place through inequilibrium decay of φ into a pair of χ at temperatures T > T f . 145, 146, 193 a . The freeze-out temperature of φ, T f , is estimated from the usual criterion given as
where v rel is the velocity, n eq is the equilibrium distribution, which is assumed to be Maxwell-Boltzmann in this case, H is the Hubble constant, and σ is the annihilation cross-section. 197 Solving Eq.(32) for a new parameter r f = m φ T f results in r f 13.
a From our numerical analysis, it turns out that a 7-keV sterile neutrino DM is not realized via out-of-equilibrium decay of φ mainly because the production mechanism leads to very large free streaming length that would be ruled out by the Lyman-α bound. [194] [195] [196] where
Because the production of the sterile neutrino via the decay of singlet scalar field mostly happens around T prod = m φ /2.3, 146 we take g * ρ (T prod ) = 88 in the calculation of f in χ (r f , x) whereas g * ρ (T ) in h s (r, x) is taken to be 63.5 because the effect of oscillation exhibits a peak at around 100 MeV ≤ T ≤ 1 GeV. We found from numerical analysis that the constribution of the second term on the right-hand side of Eq. (37) to f χ (r, x) is less than 1%.
153
Using Eq.(37), the relic abundance presented in terms of the yield Y χ = n χ /S, defined by the ratio of the number density n s to the entropy S(= 2π 2 g * s T 3 /45), is given by
The final result of the relic density of the sterile neutrino is written as
where
27 is the dilution factor. 146 The DM relic density observed by PLANK 105 is Ω DM h 2 = 0.1199±0.0027, and we get its central value by taking m φ = v φ = 100 GeV, M N2 = 10 TeV, and Y χ2 = 2.8 × 10 −3 in this model. This indicates that the required amount of lepton asymmetry and the correct relic density 105 can be achieved at a relatively low seesaw scale (a few TeV scale) in this model.
To see how warm the sterile neutrino DM in the scenario we consider is, we need to calculate the free-streaming length. The average momentum of the sterile neutrino is calculated with the help of the relation
Plugging an asymptotic (r → ∞) form of f χ into the above equation, we get the average momentum given by
where the momentum p is red-shifted by a factor ξ
as shown in. 143, 146 This result indicates that the sterile neutrino DM is colder than the thermally produced warm DM.
Using the approximated form of the free-streaming length, 146, 184 λ F S ≈
Mpc
keV mχ p 3.15T , we get λ F S ≈ 0.044 Mpc for the sterile neutrino DM. This result is consistent with the constraint coming from the observation of the Lyman-α forest which requires it to be less than 0.11 Mpc. [194] [195] [196] Low Scale Leptogenesis : In section 3.3, we have explained how the light sterile neutrino can play a crucial role in achieveing low scale leptogenesis. Here, we study the details on how the mechanism for low scale leptpogenesis works. Calculating 1 given in Eq. (18) based on the diagrams shown in Fig. 9 , we get the explicit form of CP asymmetry given by
and
In the calculation, we have used Γ tot (N R1 ) given to leading order by
As shown in Ref., 188, 190 the new contribution to 1 becomes important for the case of
where R is a resonance factor defined by R ≡ |M N1 |/(|M N2 | − |M N1 |). Imposing the out-of-equilibrium condition, Γ N1 < H| T =M N 1 with the Hubble expansion rate H, we get the upper bound on Y χ1 ,
However, since Y χ2 is not constrained by the out-of-equilibrium condition, it can be so large that 1 Decay Signature of DM : The Z 2 symmetry introduced in the model is broken when φ gets a VEV. As a result, the sterile neutrino DM can not be stable any longer and decay at late time. The primary decay channel is χ → ννν as shown in Fig. 10 . The decay width for this decay mode is given as Γ(χ → ννν) G 
As shown in Fig. 7 , the sterile neutrino DM can also radiatively decay into an active neutrino along with the emission of a photon. The decay width for the radiative processes of the sterile neutrino DM is given by Γ(χ → νγ) 6.8 × 10 −33 sec 
In fact, the decay width for the radiative processes of the sterile neutrino DM is inversely proportional to the charged lepton mass inside the loop , and thus an electron results in a much stronger limit on the lifetime of the sterile neutrino DM. Thanks to the smallness of the electron Yukawa coupling, the contribution from the first pair of diagrams far exceed that from the other involving Yukawa couplings.
The second pair of diagrams is suppressed by a factor of Ye g 2 ∼ 10 −11 with the electron Yukawa coupling Y e and the SU (2) L gauge coupling g. Therefore, only the first pair of diagrams places a meaningful limit on the lifetime of the sterile neutrino DM .
keV Line:
The detection of an unidentified X-ray line at E 3.5 keV has been reported in the stacked spectrum of galaxy clusters, in the Andromeda galaxy and many other galaxies including the Perseus galaxy. 139, 140 Although there exist some difficulties in interpreting the origin of the emission line due to inherent uncertainty in the astrophysical backgrounds and systematic errors in the calibration, any interpretation of the emission line in terms of decaying DM is plausible if it is safe from all the constraints. If the mass of the sterile neutrino DM is 7.1 keV, the emitted photon will have an energy of 3.55 keV, which can be responsible for the observed unidentified 3.5 keV X-ray line. In our model, the sterile neutrino χ with a mass of 7.1 keV has the decay width , Γ total ∼ 10 −26 s −1 , for sin 2 2θ χ ∼ 10 −10 . This result indicates that χ has a lifetime much larger than the age of the universe, and thus can be a good candidate for DM while being responsible for the 3.5 keV X-ray line. 
Conclusion and Prospect
Some anomalous results from SBL neutrino experiments searching for neutrino oscillations are indicative of the existence of light sterile neutrinos. In this review, we have discussed how the neutrino anomalies can be explained in terms of neutrino oscillations with ∆m 2 ∼ O(1) eV 2 and sin 2 2θ ∼ a few ×10 −2 in the 3+1 model. The excess ofν e flux at LSND is in agreement with the observation of electron neutrino excess in both neutrino and antineutrino modes at MiniBooNE experiment. Combining those two results leads to a global significance exceeding 6σ, and no-oscillation hypothesis for all (−) ν e appearance data is shown to be disfavored compared with the best fit at ∆m 2 41 ∼ 0.6 eV 2 and sin 2 2θ µe ∼ 0.04. The simultaneous explanation of both reactor antineutrino and Gallium anomalies requires values of ∆m 2 ∼ 1.7 eV 2 and sin 2 2θ ∼ 0.1 , and the inclusion of the data from NEOS tends to shift downward the best fit value of the mixing angle to sin 2 2θ ∼ 0.08. While both combinations of (−) ν e appearance and disappearance experiments show a robust indication in favor of sterile neutrino, no obvious anomaly has not been observed in the (−) ν µ disappearance channel. As a result, the global fit to SBL data leads to a severe appearance-disappearance tension that should be resolved in future neutrino experiments. Several new reactor neutrino experiments would probe the (−) ν e appearance channel with improved precision, measuring the energy spectrum at different distances so as to obtain oscillation results that are free from the neutrino flux calculation.
The impacts of light sterile neutrinos in cosmology, particularly, taking into account two intriguing cases of sterile neutrinos having eV or keV scale masses have been addressed. It has been shown how the properties of the light sterile neutrinos such as a mass and mixing with active neutrinos can be constrained by several cosmological observations such as BBN, CMB , LSS and so on. The keV sterile neutrino is a well motivated DM candidate. We have reviewed several mechanisms of how such a neutrino can be produced in the early Universe and how its properties can be constrained by several cosmological observations. We have also discussed the possibility that keV-scale sterile neutrino can be a good DM candidate and play a key role in achieving low scale leptogenesis simultaneously by introducing a model where an extra light sterile neutrino is added on top of type I seesaw model.
The search for sterile neutrinos is an active area of particle physics and cosmology. The sterile neutrinos may be responsible for a number of unexplained phenomena in particle physics, cosmology and astrophysics. Sterile neutrinos will be further searched for indirectly and directly in future experiments, which would unravel the puzzle of SBL neutrino anomalies and make them a very testable particle by providing even more stringent constraints in particle physics and cosmology. If the mass of sterile neutrino is smaller than the energies of particles in the experiments, there will be a change to probe them in the laboratory due to the production either through mixing between active and sterile neutrinos or in high energy particle collisions.
